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Although there has been signiﬁcant progress in the seismic imaging of mantle heterogeneity, the
outstanding issue that remains to be resolved is the unknown distribution of mantle temperature
anomalies in the distant geological past that give rise to the present-day anomalies inferred by global
tomography models. To address this question, we present 3-D convection models in compressible and
self-gravitating mantle initialised by different hypothetical temperature patterns. A notable feature of
our forward convection modelling is the use of self-consistent coupling of the motion of surface tectonic
plates to the underlying mantle ﬂow, without imposing prescribed surface velocities (i.e., plate-like
boundary condition). As an approximation for the surface mechanical conditions before plate tectonics
began to operate we employ the no-slip (rigid) boundary condition. A rigid boundary condition dem-
onstrates that the initial thermally-dominated structure is preserved, and its geographical location is
ﬁxed during the evolution of mantle ﬂow. Considering the impact of different assumed surface boundary
conditions (rigid and plate-like) on the evolution of thermal heterogeneity in the mantle we suggest that
the intrinsic buoyancy of seven superplumes is most-likely resolved in the tomographic images of
present-day mantle thermal structure. Our convection simulations with a plate-like boundary condition
reveal that the evolution of an initial cold anomaly beneath the Java-Indonesian trench system yields a
long-term, stable pattern of thermal heterogeneity in the lowermost mantle that resembles the present-
day Large Low Shear Velocity Provinces (LLSVPs), especially below the Paciﬁc. The evolution of sub-
duction zones may be, however, inﬂuenced by the mantle-wide ﬂow driven by deeply-rooted and long-
lived superplumes since Archean times. These convection models also detect the intrinsic buoyancy of
the Perm Anomaly that has been identiﬁed as a unique slow feature distinct from the two principal
LLSVPs. We ﬁnd there is no need for dense chemical ‘piles’ in the lower mantle to generate a stable
distribution of temperature anomalies that are correlated to the LLSVPs and the Perm Anomaly. Our
tomography-based convection simulations also demonstrate that intraplate volcanism in the south-east
Paciﬁc may be interpreted in terms of shallow small-scale convection triggered by a superplume beneath
the East Paciﬁc Rise.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Current simulations of time-dependent mantle ﬂow are most
often initialised with a theoretical perturbed buoyancy ﬁeld592; fax: þ1 514 987 3635.
Glisovic), forte.alessandro@
of Geosciences (Beijing)
Beijing) and Peking University. Promodelled with a free-slip surface boundary condition (e.g., Davies
and Davies, 2009), that may, in some cases, also include surface
geological constraints such as tectonic plate velocity histories (e.g.,
Schuberth et al., 2009). A more realistic estimate of the lateral
temperature heterogeneity in the mantle, albeit only applicable to
the present-day, can be derived from seismic tomography. Seismic
images of present-day mantle heterogeneity have commonly been
used in models of the instantaneous ﬂow where the goal has been
to ﬁt convection-related surface geodynamic data (see Hager and
Clayton, 1989; Forte, 2007 for comprehensive reviews). Moreduction and hosting by Elsevier B.V. All rights reserved.
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been carried out using 3-D density anomalies derived directly from
global seismic tomography (Yoshida and Santosh, 2011a; Glisovic
et al., 2012). Glisovic et al. (2012) showed that the present-day
lateral temperature variations constrained by tomography are
strongly imprinted on the future evolution of the thermal hetero-
geneity in the mantle and, by implication, this has been true for the
past evolution of mantle structure. These very-long-time convec-
tion simulations have provided insights on the remarkably stable
and long-lived character of hot thermal upwellings, but the initial
buoyancy ﬁeld needed to provide a geologically and geodynami-
cally relevant reconstruction of the evolution of Earth’s internal
structure is still unclear.
Additional complexity in determining the extent to which the
‘ﬁnal’ (i.e., steady-state or present-day) temperature distribution
depends on the initial mantle heterogeneity is introduced by the
question of what is the appropriate speciﬁcation of the surface
boundary conditions. This question is of fundamental importance
since it is now understood that the dynamic impact of plates plays a
crucial role in the evolution of the Earth’s mantle ﬂoweorganizing
and modulating cold downwellings and hot upwellings (e.g.,
Davies, 1988; Zhong et al., 2000; Quéré and Forte, 2006). A thor-
ough understanding of this impact is contingent on a number of
issues: (1) constantly evolving plate geometries over the past
200 million years (e.g., Müller et al., 2008); (2) the difﬁculty in
obtaining accurate, reliable backward reconstructions of mantle
heterogeneity that extend into the Cretaceous (Bunge et al., 2002;
Glisovic and Forte, 2014); (3) no currently accepted procedure for
accurately predicting the evolution of plate geometries in a 3-D
spherical geometry over very long geological time spans, in a
manner that is dynamically self-consistent with the underlying
mantle ﬂow (Lowman, 2011).
The increasing use of geological reconstructions of plate-motion
histories (e.g., Bunge et al., 2002; McNamara and Zhong, 2005;
Quéré and Forte, 2006; Steinberger and Torsvik, 2012) to model
the forward evolution of mantle structure from an initial state in
the geologic past is inherently subject to a fundamental ambiguity.
The importance of this ambiguity may be readily appreciated by
ﬁrst noting that subduction has removed 70% of all oceanic litho-
sphere younger than 89 Ma (Rowley, 2008). This immediately im-
plies that geological reconstructions of the Mesozoic and Cenozoic
evolution of plate geometries and motions (e.g., Müller et al., 2008)
are subject to uncertainties and non-uniqueness that increase
greatly for times earlier than the Cenozoic (Rowley, 2008). The
Cenozoic is a very short time interval when we consider the con-
vection time scales associated with the evolution of plate tectonics
(e.g., Bunge et al., 2002).
Previous convection simulations employing either ﬁxed or
evolving geometries for the surface tectonic plates reveal that the
former can yield Earth-like patterns of convection, in particular
mantle plumes, that are similar to those obtained using geological
reconstructions of time-variable plate geometries (Quéré and
Forte, 2006). This similarity is clearly useful, in view of the ma-
jor uncertainties in the geologic plate reconstructions. In this
work we therefore consider simulations in which the plates retain
their present-day conﬁguration over very long time spans and we
again show this assumption provides a useful boundary condition
for exploring the important dynamical impact of mobile surface
plates on the quasi-‘Earth-like’ simulations of the very-long-time
evolution of the mantle convection circulation (Glisovic et al.,
2012).
Another useful avenue is to explore the long-time evolution of
mantle convection with a rigid surface (i.e., no-slip) boundary
condition and thereby avoid eventual geometric and dynamical
bias of assuming ﬁxed plate-boundary locations. One motivationfor carrying out these rigid-surface convection simulations stems
from the recognition that a large fraction of the present-day density
heterogeneity in the mantle, derived from seismic tomography,
excites mantle ﬂow that does not drive observable plate motions
and hence the plates are effectively ‘locked’ (Forte, 2007). Glisovic
et al. (2012) have shown the ability of a model with a rigid sur-
face to, ﬁrst, reinforce the hot, plume-like structures in the starting
tomography and, subsequently, to produce stable and long-lived
deep-mantle plumes that are spatially correlated to the surface
constellation of hotspots and other manifestations of intraplate
volcanism (e.g., Siberian traps). Additional planetological interest in
considering the impact of a rigid-surface boundary condition,
particularly from the perspective of convection in terrestrial
planets, stems from: (1) Venus is planet without tectonics
(Schubert et al., 1990), and (2) in terms of size, mass, and density,
Venus is the planet most similar to the Earth (Schubert et al., 2001).
While most petrotectonic assemblages and other plate-tectonic
indicators suggest that modern plate tectonics (hereafter simply
referred to as plate tectonics) became widespread by ca. 2.7 Ga
(Condie and Kroner, 2008), three indicators (ophiolites, ultrahigh
pressure metamorphism, and blueschists) have been interpreted as
suggesting a much later starting date around 1 Ga (Stern, 2005). In
addition to the hypothesis that early ‘pre-plate tectonics’ may have
been episodic (e.g., Condie and Kroner, 2008) some evidence also
suggests the possible presence of a stagnant or sluggish lid at the
top of the mantle during this period (from 4.4 to 2.7 or 1 Ga). The
latter hypothesis is supported by mantle convection models with
temperature-dependent viscosity that tend to the stagnant lid
convection regime (e.g., Solomatov, 1995).
Given the strong temperature-dependence of mantle rheology
(e.g., Weertman, 1970), mantle convection models with
temperature-dependent viscosity will inevitably converge to a ﬁnal
state dominated by the presence of a stagnant lid as a surface
boundary condition. To simulate plate-like behaviour, the brittle
properties of the lithosphere have to be incorporated into mantle
convection models by the introduction of plastic yielding as the
weakening mechanism (Moresi and Solomatov, 1998). The rele-
vance of this brittle behaviour to the early Earth, when the mantle
was much hotter (e.g., Abbott et al., 1994), is an important question,
particularly in the context of a hot lithosphere whose buoyancy
would effectively inhibit subduction (Davies and Richards, 1992;
Stern, 2005).
A rigid-surface boundary condition provides a useful approxi-
mation for the thermal and mechanical characteristics of the early
pre-plate-tectonic Earth discussed above. The horizontally-
averaged temperature proﬁle (i.e., geotherm) is hotter for the
rigid surface than for the plate-like boundary condition (Glisovic
et al., 2012), and consequently the instabilities of the upper-
thermal boundary layer (i.e., the lithosphere) are very weak
(e.g., Schubert et al., 1990) and not focused into a single coherent
subduction zone (Glisovic et al., 2012). The parametrised models
of thermal history of the Earth based on the energetics of plate-
tectonic convection by Korenaga (2006) suggest, ﬁrst, that slug-
gish convection is the dominant mode of mantle convection at
least back to the late Archean, and second, early Archean dy-
namics is characterised by a mode that is different from the plate
tectonics.
In summary, the above discussion leads us to suggest that a rigid
surface is a useful approximation for exploring the importance of
the initial buoyancy ﬁeld on the evolution of mantle thermal
structure over very long geological time spans for which the plates
are either largely ‘locked’ in response to the mantle-wide convec-
tive forcing (as is the case for the present-day) or alternatively as an
approximation for the surface mechanical conditions before plate
tectonics began to operate.
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elucidate the inﬂuence of the initial planform of mantle heteroge-
neity that ﬁnally yields a conﬁguration of temperature heteroge-
neity that provides a reasonably close approximation to the overall
global pattern of lateral heterogeneity inferred by global seismic
tomographic imaging. In this exploration we also wish to further
elucidate the importance of the mechanical surface boundary
condition, the geodynamically-constrained radial viscosity, and
other Earth-like inputs to the convection models (e.g., horizontally-
averaged temperature proﬁle, depth-dependent radiogenic heating
and a thermal conductivity that involves the effect of thermal
boundary layers).
2. Numerical model, initial conditions and reference frame
We used a dissipative and compressible 3-D pseudo-spectral
method to model the thermal convection in the mantle charac-
terised by an Earth-like Rayleigh number (for details see Glisovic
et al., 2012). This method requires the initialization of a mantle
temperature distribution described by both horizontally-averaged
(the geotherm) and lateral variations in temperature.
2.1. Initial geotherm
The dependence of the mantle geotherm on the reference state
(e.g., depth-dependent rheology) and surface boundary conditions
is well-known (e.g., Solheim and Peltier, 1990; Glisovic et al., 2012).
We thus used previously determined energy-balanced geotherms
(Glisovic et al., 2012) characterized by thermal boundary layers
(TBLs) bounding the main bulk of the adiabatic mantle (see Fig. 1a).Figure 1. The initial temperature condition (i.e., [ ¼ 0 structure) and the physical paramete
solutions obtained by convective models with different surface boundary conditions (Glisov
(b) The viscosity (V2-) proﬁle (Mitrovica and Forte, 2004). (c) The blue line represents the
1999). The total internal heating is 24 TW due to both radioactive sources (12 TW) and the e
line represents the gravity proﬁle (the PREM model of Dziewonski and Anderson (1981)).These proﬁles of the global horizontally-averaged temperature
deliver surface heat ﬂux in the range of Earth-like values (Jaupart
et al., 2007): 37  3 TW for a rigid surface and 44  3 TW for a
surface with tectonic plates coupled to the mantle ﬂow. These
geotherms deliver a core-mantle boundary (CMB) heat ﬂux that is
on the high end of previously estimated values (Lay et al., 2006),
namely 13 TW and 20 TW for rigid and plate-like surface boundary
conditions, respectively.2.2. Initial mantle heterogeneity
In the following we will explore the long-term evolution of
convective ﬂows initialised with a number of different starting
distributions of mantle buoyancy. In previous work (Glisovic et al.,
2012) we employed the present-day buoyancy distribution derived
from joint seismic-geodynamic tomography inversions that also
included mineral physics constraints on mantle thermal structure
(e.g., Simmons et al., 2009). This tomography-based convection
model (henceforth referred to as the ‘TOMO’ model) yields excel-
lent ﬁts to a wide suite of geodynamic constraints on the present-
day dynamics of the mantle (e.g., Forte et al., 2010).
In convection simulations with coupled surface plates, Glisovic
et al. (2012) showed a strong reinforcement of present-day tomo-
graphically-inferred heterogeneity, mainly owing the intense
accumulation of subducted cold material that enters the lower
mantle directly under the Indonesia-Java-western Paciﬁc trench
systems. These strong downwellings have a crucial role in forming a
steady-state hemispherical pattern of mantle ﬂow characterized by
a dominant degree-1 structure. In order to address the importance
of subduction dynamics beneath this region for the global-scalers as a function of depth (x-axis). (a) The initial geotherms are taken from steady-state
ic et al., 2012): a rigid surface (blue line) and the dynamically coupled plates (red line).
heat production, and the red line shows the thermal conductivity proﬁle (Hofmeister,
ffect of secular cooling (12 TW). (d) The density is shown by the blue line, while the red
P. Glisovic, A.M. Forte / Geoscience Frontiers 6 (2015) 3e226evolution of 3-D mantle structure, we perform a convection
simulation (henceforth referred as the IND model) initialised only
by negative temperature anomalies beneath the equatorial part of
Indonesia. The negative anomaly is, for simplicity, represented by a
rectangular-shaped anomaly: 15 in longitude, 5 in latitude
(15  5), in the ﬁrst 200 km of mantle depth, and the initial
temperature perturbation is 300 K.
The antithesis of the intense subduction activity in the western
Paciﬁc trench system is the most rapidly spreading oceanic ridge on
the planet, namely the East Paciﬁc Rise (EPR). The Paciﬁc plate
constitutes an essentially uniform surface boundary and conse-
quently theoretical modelling of ﬂow in the Paciﬁc hemisphere
should be less complex than in sub-continental mantle where there
may be interactions with continental roots (Gaboret et al., 2003).
We will therefore explore the inﬂuence of thermal heterogeneity
under the EPR by considering a hypothetical rectangular-shaped
positive temperature anomaly in the lowermost mantle, directly
below the equatorial part of the EPR (this will henceforth be
referred to as the EPRmodel). The horizontal dimensions of the EPR
anomaly are identical to the IND anomaly, but is placed within the
200-km depth interval above the CMB, and the initial temperature
perturbation is 300 K.
It has long been assumed that large-scale, deep-mantle dy-
namics under the African plate is dominated by the inﬂuence of a
superplume located under southern Africa (e.g., Lithgow-Bertelloni
and Silver, 1998; Behn et al., 2004). Recently, the application of
tomography-based thermochemical convection modelling to the
problem of African mantle dynamics revealed a deep-seated, large-
scale, active hot upwelling below the western margin of Africa
(Forte et al., 2010).
The scale and dynamical intensity of this ‘West African Super-
plume’ (WASP) is comparable to the ‘South African Superplume’
(SASP). However, since Forte et al. (2010) showed that the SASP is
an active hot upwelling, despite the presence of opposing chemical
buoyancy, we will explore the impact of this structure on the long-
term evolution of mantle ﬂow. For this purpose we construct a
hypothetical rectangular-shaped initial buoyancy distribution in
the D00-layer under South-Africa (henceforth referred to as the SAP
model). The dimensions of this structure are set at 15  15, over a
depth interval of 200 km above the CMB, and with an anomaly of
300 K.
2.3. Mechanical surface boundary conditions
The mechanical surface boundary conditions are another
important constituent of mantle convection. Fundamentally, there
are three different boundary conditions: rigid (no-slip) surface (R),
free-slip (F), and rigid, mobile tectonic plates (P). In this study we
use two of them: the R- and P-boundary conditions.
The free-slip boundary condition is usually coupled with a high-
viscosity lithospheric lid, overlying a weaker mantle with either
depth- and/or temperature-dependent viscosity, and is often
referred to as ‘stagnant-lid’ (e.g., Roberts and Zhong, 2006), or
‘sluggish-lid’ convection (e.g., Yoshida, 2008). For this stagnant- or
sluggish-lid convection, surface deformation may occur continu-
ously because the upper bounding surface is free-slip.
The no-slip (R) boundary condition would be applicable in the
event that all tectonic plates simultaneously resist the underlying
mantle ﬂow (Forte, 2007), or for the telluric planets without plate
tectonics (e.g., Venus, Mercury, Mars).
In the case of the P-boundary condition applied here, the plate
velocities are predicted at each instant in time, on the basis of the
evolving distribution of buoyancy forces in the mantle avoiding the
approach where surface plate velocities are prescribed rather than
predicted (e.g., McNamara and Zhong, 2005). The latter ‘Hand ofGod’ approach implies the existence of an artiﬁcial externally
applied shear stress and thus requires an external energy source
that will compromise the energy balance of the mantle.
The principal drawback of our implementation of coupled tec-
tonic plates (P-boundary condition) is that the plate geometry itself
is assumed constant. This is questionable, in terms of evaluating
whether we are modelling the ‘real Earth’ over billion-year in-
tervals. Apart from the recognition that the generation of plates
over very long geological time intervals has not yet been modelled
in spherical geometry with Earth-like convection vigour (Lowman,
2011; Rolf et al., 2012), we know that modern-style plate tectonics
must include (e.g., Condie and Kroner, 2008): (1) spreading centres
to create new oceanic lithosphere; (2) subduction zones where the
lithosphere is returned to the mantle, and (3) transform and
transcurrent faults. In summary, quasi-Earth-like convection
simulation should incorporate a realistic conﬁguration of plate
boundaries, as we propose here.
It is important to underline that despite the drawback of
spatially ﬁxed locations for tectonic plate boundaries, a present-day
subduction zone is free to evolve into a future spreading centre, and
vice versa, in response to the evolving thermal heterogeneity in the
mantle. This plate-coupled convecting system produces a dominant
degree-1 pattern (Glisovic et al., 2012) which seems to be integral
to the emergence of periodic supercontinent cycles (Yoshida and
Santosh, 2011b).
The overriding interest in using the P-boundary condition is that
it involves rigid, but mobile plates whose impact on the underlying
convective ﬂow will be intermediate to a purely no-slip and free-
slip surface, and it also involves the generation of toroidal ﬂow
via the surface-plate rotations and this is not the case for the two
other boundary conditions (R or F). We note that previously
developed models with the dynamically evolving plates (e.g., Gait
et al., 2008; Yoshida, 2010; Rolf et al., 2012) do not incorporate
the effect of strong toroidal ﬂow. It has long been appreciated that
the toroidal component of plate motions may be understood to be
the consequence of extreme lateral variability of the effective vis-
cosity of the lithospheric plates (e.g., Forte and Peltier, 1987, 1994)
and it contributes almost 50% of the kinetic energy of the present-
day plate motions (Hager and O’Connell, 1978).2.4. Reference state of the mantle
A key input parameter required in constructing a mantle con-
vection model is the rheological structure of the mantle. This
rheology is usually parameterized in terms of an effective viscosity
and hence, owing to the strong temperature-dependence of vis-
cosity, an outstanding challenge is obtaining an appropriate
description of lateral viscosity variations (LVV). In this regard, the
main unresolved difﬁculty is the derivation of a model of LVV that
yields acceptable ﬁts to the surface geodynamic constraints (sur-
face horizontal divergence, CMB and surface topography and the
free-air gravity anomalies) and also to the mineral physics. There
are a number of fundamental uncertainties in the mineral physical
interpretations of the origin of LVV in the mantle and confronted
with this difﬁculty we have therefore opted, as a prudent alterna-
tive, to use the depth-dependent viscosity proﬁle (Fig. 1b) that
directly ﬁts a wide suite of convection-related surface observables
(Forte et al., 2010) and data associated with the response of the
Earth to ice-age surface mass loading (Mitrovica and Forte, 2004) as
well as the independent mineral physical modelling (Ammann
et al., 2010).
In this study we employ a thermal conductivity proﬁle derived
by Hofmeister (1999) that considers the effect of TBLs inside the
mantle and the possibility that thermal conductivity decreases
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temperature (Fig. 1c).
An additional important input parameter is the spatial distri-
bution of radioactive heat-producing isotopes in the mantle.
Tackley (2000) suggested a few scenarios for the radiogenic heat
distribution in the mantle but, apart from the current under-
standing that the uppermantle is relatively depleted and the lower-
mantle enriched, this distribution remains unknown. The heat
production of the crust is the only reliable data set in the present-
day energy budget of the mantle, where other constituents are
unknown (Mareschal et al., 2012). Thus, values of secular cooling lie
between 8 and 18 TW, and the radioactive heating in the mantle
ranges from 9 to 16 TW (Jaupart et al., 2007). Combining these
constraints to ﬁt the energy balance implied by steady-state geo-
therms derived from mantle convection models (Glisovic et al.,
2012), we designed a depth-dependent proﬁle of heat production
as the summation of two components: the radiogenic heating and
the secular cooling (Fig. 1c). We assumed the secular cooling to be
uniformly distributed giving a total of 12 TW (i.e.,w76 K per Gyr).
We also assume a uniform distribution of radiogenic heat from the
surface to 2200 km depth, producing 4 TW, but from 2200 km to
CMB it linearly increases delivering 8 TW; therefore, the total value
of mantle heating due to radioactive sources is 12 TW.
The radial density proﬁle, which describes the reference hy-
drostatic state in our compressible convection model, is taken
directly from the seismic reference Earth model PREM (Dziewonski
and Anderson, 1981). The corresponding radial gravity ﬁeld is ob-
tained by the integration of reference density (Fig. 1d).
Other physical parameters and values employed in the simula-
tions of mantle convection are summarised in Table 1, and with all
others, they are kept constant during the time-integration of
models.
All models are run until they have reached a statistical steady-
state.3. Results
3.1. Rigid surface
Models with a rigid surface will obviously not be impacted by
the effect of focussed cold downwellings (subduction) that develop
with mobile surface plates and we therefore expect to observe the
establishment of strong deep-mantle plumes and diffuse downw-
ellings (Schubert et al., 1990; Glisovic et al., 2012). We notice the
ﬁrst appearance of numerous hot diapirs (reinforced or created
inside the D00-layer depending on the initial buoyancy ﬁeld) at sub-
lithospheric depths around 350Myr (Fig. 2a, b, and c). However, the
system is still in a transient period allowing the additional reor-
ganisation of mantle heterogeneity (e.g., around 1 and 1.5 Gyr, see
Fig. 2f and d, respectively). These changes in the mantle ﬂow mayTable 1
Physical parameters and values employed in simulations of thermal convection of
the mantle.
Parameter Value Unit of measure
Outer shell radius 6368 km
Inner shell radius 3480 km
Temperature (surface) 300 K
Temperature (CMB) 3300 K
Heat capacity cp 1.25  103 J kg1 K1
Thermal expansion a (surface) 3.5  105 K1
Thermal expansion a (670 km) 2.5  105 K1
Thermal expansion a (CMB) 1.0  105 K1be explained by the merging of a pair of plumes that exist for the
SAP and IND R-simulations.
After the additional merging of mantle plumes, the total
numbers of hot upwellings for the IND, SAP and EPR models with a
rigid surface are 4, 7, and 7, respectively. We notice that these
steady-state, hot upwellings are almost evenly distributed across
the globe (Fig. 2g, h, and i), i.e., the mean great-circle distances
between plumes are 10,003 km (90), 8804 km (79), and 9318 km
(84) for the IND, EPR, and SAP R-simulations, respectively
(Table 2). This demonstrates that rigid-surface models evolve to-
wards a degree-4 convective pattern inside both the lithosphere
and D00-layer which corresponds to previously obtained no-slip
convection simulations initiated with present-day tomography
images (Glisovic et al., 2012). Fig. 2 illustrates an important char-
acteristic of models with a rigid (one-plate) surface boundary
condition: each of the starting input thermal structures are stable
and anchored over a remarkably long period of geological time of
3 Gyrs. Therefore, hot upwellings are dominant thermal structures
in the case of the no-slip surface boundary condition, and the
vigour of plumes is directly connected to the intensity of CMB heat
ﬂux (e.g., Schuberth et al., 2009; Glisovic et al., 2012).
Degree-4 is not the absolute dominant wavelength for these
models, because the mantle ﬂow in different depth intervals is
characterised by various spherical harmonic degrees (Fig. 3). We
ﬁrst notice that degree-2 structure is established throughout the
adiabatic interior of the mantle for the IND-R model (Fig. 3a), while
for the EPR-R simulation a degree-5 dominance is found inside the
upper mantle and the bottom 1000 km of the mantle, and domi-
nant power in the degree range 12 to 14 is evident at mid-mantle
depths where the viscosity increases rapidly by two orders of
magnitude (Fig. 3b). The SAP-R simulation yields a similar shorter-
scale spectral peak in the range [ ¼ 12e14 (Fig. 3c). A particularly
noteworthy aspect of the spectral amplitude maps in Fig. 3 is that
the superposed patterns obtained with the IND-R and EPR-R sim-
ulations yields a spectral distribution very similar to that obtained
with an independent rigid-surface convection model (Fig. 3d) ini-
tialised with mantle temperature anomalies derived from a seismic
tomography model (the TOMO model).
3.2. Surface with tectonic plates coupled to mantle ﬂow
The convection simulations with mobile tectonic plates coupled
to the underlying convective ﬂow in the mantle show a clustering
of plumes beneath some speciﬁc regions (e.g., the eastern part of
the North-America plate, the southern parts of the African and
Somalian plates, Siberia, and the central and eastern Paciﬁc) for all
theoretical models (Fig. 4). This similarity in the geographical
location of plumes during a period in which mantle ﬂow continues
to evolve is not surprising because plates organise and modulate
the large-scale cold downwellings in the deep mantle, and this
subducted heterogeneity is found to play a key role in modulating
the location of hot thermal plumes in the deep mantle (e.g.,
Richards and Engebretson, 1992; Zhong et al., 2000; Quéré and
Forte, 2006). This dynamical connection between cold subducted
material and hot upwellings is illustrated by the following results of
this study.
3.2.1. CMB topography
Seismic-tomography imaging reveals two Large Low Shear-
wave Velocity Provinces (LLSVPs) in the lower mantle under the
Paciﬁc and Africa (Garnero et al., 1998). A cluster analysis on lower-
mantle structure in tomography models by Lekic et al. (2012)
revealed the existence of two small-scale features beneath the
North-Atlantic Ocean and the city of Perm (Russia) that have similar
characteristics as the LLSVPs. The present-day elevation in CMB
Figure 2. The maps show the lateral temperature variations (in Kelvin) at a depth of 217 km obtained by the IND, EPR, and SAP models with a rigid surface (given by columns) at the
different points of time: 350, 1000, and 3000 Myr (given by rows). The inset represents the equatorial cross-section for the IND-P model at 3 Gyr. The black letter ‘O’ denotes the
location of starting mantle heterogeneity, while the steady-state plumes are labelled by numbers (see Table 2).
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Therefore, we decide to employ the term ‘Perm Anomaly’ to
describe the smaller-scale region of strongly reduced shear velocity
that extends from below Iceland to the city of Perm.
The interpretation of the LLSVPs is currently contested between
two opposing schools of thought (e.g., Lassak et al., 2010): one thatTable 2
The orthodromic distance between two plumemaxima obtained by the IND, EPR, SAP and
Fig. 2).
Model Plume no. Plume maximum Distance I
LON LAT Pair
IND-R 1 104N 0N (1, 2)
2 6W 1S (2, 3)
3 79E 1N (3, 4)
4 171E 0N (4, 1)
stot
EPR-R 1 104N 0N (1, 2)
2 36W 43N (1, 3)
3 35W 43S (1, 6)
4 36E 0N (1, 7)
5 115E 0N
6 174W 44N s1
7 174W 43S stot
SAP-R 1 24E 28S (1, 6)
2 80E 33N (1, 7)
3 131E 45S (1, 2)
4 179E 24N (1, 3)
5 130W 25N
6 81W 44S s1
7 32W 32N stot
TOMO-R 1 114W 11S (1, 2)
2 29W 3N (2, 3)
3 36E 61N (2, 4)
4 57E 45S (3, 5)
5 164E 9N (4, 5)
(5, 1)
(3, 4)
stotargues for a dominantly, if not entirely thermal origin (e.g., Forte
and Mitrovica, 2001; Quéré and Forte, 2006; Schuberth et al.,
2012) and another that argues for a dominant compositional
origin (e.g., McNamara and Zhong, 2005; Thorne et al., 2013). The
current inferences of the structure and composition of the LLSVP
derived from global joint inversions of seismic, geodynamic andTOMO (Glisovic et al., 2012) models with the no-slip boundary condition at 3 Gyr (see
Distance II Distance III
km () Pair km () Pair km ()
10,892 (98)
9449 (85)
10,225 (92)
9447 (85)
10,003 (90)
8236 (74) (6, 7) 9669 (87) (2, 4) 8551 (77)
8314 (75) (2, 3) 9559 (86) (3, 4) 8472 (76)
8420 (76) (6, 2) 9475 (85) (4, 5) 8780 (79)
8393 (76) (7, 3) 9611 (86) (5, 6) 8498 (76)
(5, 7) 8472 (76)
8341 (75) s2 9579 (86) s3 8555 (77)
8804 (79)
8968 (81) (7, 6) 9798 (88) (4, 2) 9354 (84)
8915 (80) (2, 7) 9862 (89) (4, 3) 9079 (82)
8990 (81) (3, 2) 10,079 (91) (5, 6) 9146 (82)
9048 (81) (6, 3) 9622 (87) (5, 7) 9256 (83)
8980 (81) s2 9840 (89) s3 9209 (83)
9318 (84)
9522 (86)
8391 (75)
9925 (89)
11,013 (99)
12,042 (108)
9332 (84)
11,932 (107)
10,308 (93)
Figure 3. The percentage ratio between the amplitudes of the spherical harmonic degree (x-axis) and the dominant mode of convection as a function of depth (y-axis) for the (a)
IND, (b) EPR, (c) SAP, and (d) TOMO simulations with the rigid surface at the end of model time, 3 Gyr.
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compositional contribution is conﬁned to the lowermost mantle,
inside the seismic D00-layer, and that its spatial extent is also limited
to the core of the LLSVP under South Africa and the south-central
Paciﬁc. Thermal dominance is found to prevail in all other regions
of the lower mantle.
The dynamic topography of the CMB provides a direct dynam-
ical ‘ﬁngerprint’ of the integrated thermal and compositional
buoyancy in the lower mantle and it is well-known, from geo-
dynamic and geodetic studies, that the CMB topography signal is
negative beneath regions of subduction zones, and elevated
beneath LLSVPs (e.g., Forte et al., 1995; Lassak et al., 2010). ThisFigure 4. Map of positive thermal heterogeneity (100 K  T  300 K, contour lines) at
the depth of 217 km obtained by the following simulations with the P-boundary
condition (i.e., the mobile surface plates): (a) IND (blue), (b) EPR (red), and (c) SAP
(green) at 260 Myr of model time. The black contour lines represent appearance of
initial mantle heterogeneity for the EPR model at 200 Myr.relation allows us to track thermal evolution of LLSVPs in terms of
associated changes in CMB topography.
The initial pattern of CMB topography for a tomography-based
model of thermal convection with rigid surface plates (Glisovic
et al., 2012) is preserved over the ﬁrst 65 Myrs (Fig. 5a). Two spe-
ciﬁc areas of positive CMB topography are remarkably stable over a
800 Myr time interval: (1) the East Paciﬁc Rise (close to a location
that lies directly below the Pitcairn, Easter, and Marqueses hot-
spots), and (2) the central part of Africa LLSVP (Fig. 5a).
The IND-P simulation (initialised only with the negative tem-
perature anomaly under the Indonesia subduction zone) delivers a
resemblance to the two present-day LLSVPs, especially the Paciﬁc
LLSVP (Fig. 5b). For this model, the East Paciﬁc constellation of
hotspots (Pitcairn, Easter and Marquesas) together with the central
Africa LLSVP is stable over a very long period of time (800 Myrs),
revealing a similarity in the evolution of IND-P and TOMO-P sim-
ulations (Fig. 5).
The evolution of the Perm Anomaly in the tomography-based
convection simulation with the plate-like boundary condition is
preserved over the ﬁrst 400 Myrs (Fig. 5a). The IND-P simulation
partially generates a positive signal of CMB topography under the
north-western part of Perm Anomaly and this anomaly is also a
stable, long-lived feature (Fig. 5b).
The other two simulations with plate-like (P) surface boundary
(EPR and SAP) yield only a partial similarity to the Paciﬁc and Africa
LLSVPs, and the Perm Anomaly.
3.2.2. Degree-1 pattern
Glisovic et al. (2012) have also shown that models with surface
plates coupled to the underlying mantle circulation are dominated
Figure 5. Maps of positive CMB topography (in km) with the superimposed present-day positive signal (purple contour lines) for: (a) a tomography-based model with the plate-like
boundary condition (Glisovic et al., 2012); and (b) a theoretical IND-P model at different points in time. The red dots indicate the present-day location of Marquesas, Pitcairn, Easter,
Jan Mayen, Iceland and Eifel hotspots, and the black dot indicates the geographical location of the city of Perm, Russia.
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therefore also anticipate the evolution towards two antipodal
hemispheres in the plate-coupled convection models initialised by
a randomly perturbed mantle heterogeneity. Indeed, the IND and
EPR models with the P-boundary condition converge to the domi-
nant degree-1 pattern after 1.6 and 4.2 Gyrs, respectively (Fig. 6b
and c). In contrast, the SAP-P model does not yield, even after
4.5 Gyrs, the [ ¼ 1 thermal structure inside the upper part and the
lowermost mantle (Fig. 7) presumably due to the inability of the
SAP-P model to develop a strong system of downwellings beneath
the Java-Indonesian subduction zone (Fig. 6d). We furthermore
note that the IND-P model establishes a system of dominant colli-
sion and subduction zones beneath Zagros, Himalayas, Indonesia
(Java trench) and the western part of the Paciﬁc Hemisphere
(Fig. 6b) that is similar to the results obtained by Glisovic et al.
(2012) using a tomography model as the initial mantle heteroge-
neity (Fig. 6a).3.3. Detecting tomography-based deep-mantle plumes with time-
dependent thermal convection models
Can we use a long-time scale convection model with a depth-
dependent rheology to address which plumes with a deep-
mantle origin are most-likely resolved by the present-day tomog-
raphy images? First, we know that the no-slip surface boundary
condition coupled with the depth-dependent V2-viscosity proﬁle
tends to organise degree-4 mantle ﬂow inside the lithosphere and
D00-layer regardless of the initial buoyancy ﬁeld (Fig. 3). Some of the
seismically imaged hot upwellings may thus be interpreted in the
context of mantle convection with an effectively one-plate (rigid)
surface condition. Second, and perhaps most important, the
dominant patterns in the initial temperature anomaly ﬁeld (Fig. 2)
are preserved during the evolution of the rigid-surface system.
Comparing the locations of starting and steady-state positive
temperature anomalies may therefore be used to identify the most
Figure 6. Maps of steady-state thermal heterogeneity (200 K  T  0 K) at the depth of 217 km (1st row), and maps of dynamic CMB topography (in km, 2nd row) obtained by the
TOMO (Glisovic et al., 2012), IND, EPR, and SAP P-simulations (surface tectonic plates boundary condition coupled to the mantle ﬂow) at different points in time: (a) 0.9 Gyr, (b)
1.6 Gyr, (c) 4.2 Gyr, and (d) 4.5 Gyr, respectively.
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tomographic images.
As discussed in Section 3.2.1, the CMB topography is positive
beneath plume clusters (i.e., a dominant thermal contribution on
the integrated buoyancy in these regions of the LLSVP). Elevated
CMB topography thus provides a diagnostic tool useful for linking
hotspots with deep-mantle plumes. However, a more complete
answer to the previous question is possible if we compare results
with a rigid surface to those obtained with the mobile surface
plates.
Theoretical convection models with the P-boundary condition
demonstrate the ability of the convecting system to reinforce thedominant starting temperature anomaly such that this signal is
transmitted to the upper (or lower in the case of IND-P simulation)
part of the mantle in the ﬁrst 200 Myrs of model time (Fig. 4).
Therefore, tracking the appearance of upwellings at lithospheric
and sub-lithospheric depths together with positive CMB topog-
raphy can provide the missing piece of the puzzle for the question:
which deep-mantle plume origin is most-likely resolved by the
present-day seismic images, assuming a speciﬁc depth-dependent
viscosity?
We performed a spatial cluster analysis on the following 5-Myr
sampled observations: (1) positive temperature heterogeneity
(T 100 K) in the top (w77 km) and bottom (w217 km) portions of
Figure 7. The percentage ratio between the amplitudes of the spherical harmonic
degree (x-axis) and the dominant mode of convection as a function of depth (y-axis)
for the SAP-P model (with the P-boundary condition) at 4.5 Gyr.
Figure 8. Maps of superimposed 5-Myr samples of positive lateral variations in tem-
perature (T  100 K) at different intervals of time (given by rows) obtained by
tomography-based convection models (Glisovic et al., 2012) at different depths: (a)
77 km for the TOMO-P (dynamically coupled plates) model, (b) 217 km for the TOMO-
P, (c) 77 km for the TOMO-R (rigid surface) model, and (d) 217 km for the TOMO-R. The
black circles show the location of present-day hotspots (Courtillot et al., 2003) while
the blue contour lines represent the steady-state thermal heterogeneity obtained by
the TOMO-R model at 2 Gyr.
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ﬁrst 300 Myrs of model time. We propose the following criteria for
linking hotspots to deep-mantle thermal sources: the spatial cor-
relation must be positive with high temperature anomalies in the
uppermost layers of the mantle and, furthermore, it must be
positively correlated with elevated CMB topography at some point/
interval of time, henceforth referred to as the ‘three yesses’ rule.
The application of these criteria to the two models (P and R) pro-
vides an objective method for discerning which plumes have a
deep-mantle origin that are most-likely resolved by the present-
day tomography images (Table 3).
We ﬁnd seven clusters of long-lived, hot upwellings: (1) the
West African superplume beneath Cape Verde, Canary, Great
Meteor and the Fernando hotspot; (2) the Permian (or the North
Atlantic) superplume connecting the Jan Mayen, Eifel and Perm
expressions of magmatism; (3) the Antarctica superplume con-
nected to Crozet, Kerguelen and the Marion hotspot; (4) the West
Paciﬁc superplume beneath the Carolina hotspot; (5) the East
Paciﬁc superplume related to Easter, Pitcairn and Macdonald; (6)
the South African superplume under Comores; and (7) the Baja
Californian superplume beneath the Baja hotspot (Table 3). Some
hotspots, however, satisfy the ’three yesses’ rule for only one of
the two (R or P) TOMO convection simulations. We suggest that
they might be assigned to a spatially close superplume, for
instance: Ascension and Azores to the West African superplume;
Iceland to the Perm superplume; Balleny and even more likely
the Reunion hotspot to the Antarctica superplume; Marquesas
and Tahiti to the East Paciﬁc superplume; the Socorro hotspot to
the Baja Californian superplume; Darfur and Cameroon to the
South African superplume. However, some of the most notable
hotspots not detected in our modelling of long-lived upwellings
are: Afar, Galapagos, Hawaii, Samoa, Tristan and Yellowstone.
3.4. A mechanism for generating intraplate volcanism in the
southern and eastern Paciﬁc
In the previous section, we suggested that the ascent of a broad
plume head in the asthenosphere can be related to the surface
expression of magmatism at multiple locations. Here we explore a
possible mechanism for this intraplate volcanism in the south-east
Paciﬁc region using the TOMO-P convection-model predictions of
the evolving temperature ﬁeld over 300 Myrs. We underline that
such predictions of the forward (i.e., future) evolution of the tem-
perature anomalies beneath the Paciﬁc plate cannot, of course,provide a direct geological reconstruction of their past evolution.
Such a mapping requires the use of time-reversed convection
modelling that employs data assimilation methods (e.g., Bunge
et al., 2003; Ismail-Zadeh et al., 2007; Glisovic and Forte, 2014).
We will instead focus on identifying a mechanism for generating
intraplate volcanism that can be used as a theoretical basis for
interpreting the broad spatial and temporal patterns of volcanism
in the southern and eastern Paciﬁc.
Fig. 10b shows that ascent of a plume-head at asthenospheric
depths generates a broad (w10  10) region of hot material.
Some caution is required when analysing the model output dur-
ing the ﬁrst w200 Myrs of evolution, since during this time in-
terval the temperature ﬁeld is in a transient state characterised
by rapidly changing, high-amplitude temperature anomalies.
These transient temperature changes become more stable after
Figure 9. Maps of superimposed 5-Myr samples of elevated CMB topography (between 0 and 3 km) at different intervals of time (given by rows) obtained by tomography-based
thermal convection models with: (a) a plate-like surface boundary condition, and (b) a rigid surface boundary condition (Glisovic et al., 2012). The black circles represent the
location of present-day hotspots (Courtillot et al., 2003).
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lateral spreading of the plume head (Fig. 10cef) generates small-
scale thermal instabilities on the edges of the plume head. These
instabilities lead to the formation of shallow thermal diapirs
(with lateral dimensions w100 to 250 km) that continue to
propagate in the direction of the plate motion (see Fig. 10 for
t  200 Myrs).
To determinemelting regions beneath the south-east Paciﬁc and
hence the sources of possible intraplate volcanism we use the
solidus for dry peridotite given by Hirschmann (2000). For the
determination of melting we also employ a standard geotherm
(Schubert et al., 2001; see Fig. 11a). From Fig. 11b we notice that the
plume head and the related outward propagation of the thermal
diapirs that it generates inside the lithosphere providemelt sources
beneath Easter, Pitcairn, Marquesas, Macdonald (Cook-Austral) and
Tahiti (Society) hotspots. The lateral propagation of the melt sour-
ces under the south-east Paciﬁc, away from the ridge axis, provides
the possible melt distribution needed for the formation of hotspot
tracks beneath these locations (Fig. 12). While the Easter hotspot is
commonly treated as a single hotspot, the Marquesas, Pitcairn and
Society hotspot tracks are characterised by the dispersion of vol-
canoes, w130 km in width (e.g., Gripp and Gordon, 2002).
Furthermore, the unusual mixing of guyots around the Macdonald
hotspot are explained in terms of several additional hotspots thatmay have passed through these volcanic islands (e.g., Fleitout and
Moriceau, 1992). Marquesas and Easter could be also related to
the formation of the Shatsky Rise and the Mid-Paciﬁc Mountains,
respectively (e.g., Courtillot et al., 2003). There is evidently signif-
icant complexity in the spatial distribution and timing of volcanism
in the south-east Paciﬁc that does not simply correspond to the
classical linear trace of single hotspots. The predicted wave-like
propagation of melting shown in Fig. 11 with repeated, separate
melting events at individual locations could serve as a plausible
mechanism for interpreting the complex history of intraplate
volcanism in this region.
These convection simulations also reveal an interesting inter-
action between the mid-oceanic ridge and the plume tail in the
upper part of the mantle. Fig. 10 shows that the plume location in
the lowermost mantle can be laterally offset by a few degrees with
respect to the surface location of the East Paciﬁc Rise and that the
plume’s point of impact at sublithospheric depths is close to the
spreading centre. These simulations demonstrate how one deep-
mantle plume can produce multiple, transient ‘plumelets’ within
asthenosphere (Fig. 10).
Most of the deep-mantle plumes detected by our models
interact with the surface locations of mid-oceanic spreading cen-
tres. We do not, however, imply that such a correlation, may be
applicable at all ridges.
Table 3
Detectability of present-day hotspots with tomography-based thermal convection models (Glisovic et al., 2012). Columns are: (1) the present-day hotspots (Courtillot et al.,
2003); (2) indicator of hotspot activity for amodel with dynamically coupled tectonic plates (TOMO-P); (3) indicator of hotspot activity for a model with a rigid surface (TOMO-
R); (4) count of positive responses to the ﬁve characteristics given by (Courtillot et al., 2003). The indicator of hotspot activity is given in a x-y-z format, where x, y and z can take
the following values: ‘y’ if a requirement is satisﬁed or ‘n’ otherwise. A question mark means that the observation is visually located at the edge of positive temperature
anomaly. To link a hotspot with a deep-mantle superplume resolved with the seismic image, we have to detect both a positive signal in thermal heterogeneity at the top (x-
value) and bottom (y-value) of low seismic zone (i.e., at 77 km and 217 km of depth) and an elevated CMB topography (z-value) beneath an observation. Superscripts (ﬁrst
column) denote the following tomography-based superplumes: 1West African, 2Antarctica, 3Permian (or North Atlantic), 4West Paciﬁc, 5East Paciﬁc, 6Baja Californian, and
7South African, detected by our models. Hotspots are shown in bold type if they have ‘three-yeses’ for both TOMO-P and TOMO-R simulation at some point during the ﬁrst
300 Myr of model time. Hotspots are shown in italic type if they are only detectable by one model.
The present-day hotspots Indicator of hotspot activity for the TOMO-P model Indicator of hotspot activity for the TOMO-R model Counts of the
ﬁve criteria
Name Code Lat Lon 0e100 Myr 105e200 Myr 205e300 Myr 0e100 Myr 105e200 Myr 205e300 Myr
Afar AF 10N 43E y?-y?-n y?-n-n y?-n-n y?-y?-n n-n-n n-n-n 4
Ascension1 AS 8S 14W y-n-y n-n-y y-y?-y y-n-y n-n-y y?-n-y 0þ?
Australia E AUE 38S 143E y-n-n n-n-n y?-n-n? n-n-n n-n-n n-n-n 1þ?
Azores1 AZ 39N 28W y-n-y y-y?-y? y-n-y? y?-n-y? n?-y?-y? y?-n?-n 1þ?
Baja6 BJ 27N 113W y-n-y y-y?-y y-y-y y?-n-y? n?-y?-y y?-y-y 0D?
Balleny2? BA 67S 163E y?-y?-y? n-n-y? n-n-y n-n-n n-n-n n-n-n 0þ?
Bermuda BE 33N 67W y?-y?-n n-n-n n-n-n y?-y?-n n-n-n n-n-n 0þ?
Bouvet BO 54S 2E y-n-y? y?-n-y? n?-n-y n?-n-n n-n-n n-n-n 1þ?
Bowie BW 53N 135W y-n-n y-n-n y-n-n y?-n-n n-n-n n-n-y? 2þ?
Cameroon7 CA 4N 9E y?-y?-y y-y?-y n-n-y n?-n-y? y?-n-y? n-n-y? 0þ?
Canary1 CN 28N 20W n-y?-y y-y-y n-n-y n?-y?-y y?-y-y y?-y-y 2
Cape Verde1 CV 14N 20W y?-y-y y-y-y y?-y-y y-y-y y-y-y y-y-y 2
Caroline4 CR 5N 164E y-y-y y?-y?-n y?-y-n y-y-y y-y-y y-y-y 3
Comores7 CO 12S 43E n-n-y y-n-y y?-y-y y?-n-y? y?-n-y y?-y?-y 0D?
Crozet2 CZ 45S 50E y-y-y y-y-y y-y-y y-y-y y-y-y y-y-y 0D?
Darfur7 DA 13N 24E y?-y?-y? y-y-n n-n-n n?-n-y? y?-n-n n-n-n 0þ?
Discovery DI 42S 0E y?-n-y n-n-y n-n-y n-n-y? n-n-n n-n-n 1þ?
Easter5 EA 27S 110W y-y-y y-y?-y y-y?-y y-y-y y-y-y y-y?-y 4D?
Eifel3 EI 50N 7E y?-n-y y?-y?-y? n?-n-y y?-n-y y?-y?-y? y?-y?-y 0D?
Fernando1 FE 4S 32W y?-n-y y-y-y y-y-y n-n-y n-y?-y y-y-y 0D?
Galapagos GA 0N 92W y-y?-n n-n-n y?-n-n y-y?-n n-n-n n-n-y 2þ?
Great Meteor1 GM 28N 32W y?-y-y y?-y-y y?-n-y y-n-y y-y-y y?-y-y 0D?
Hawaii HA 20N 156W n-n-y n-n-y n-n-y y?-n-n n-n-n n-n-n 4þ?
Hoggar HO 23N 6E y?-n-y? y?-n-n? n-n-n n-n-y? y?-n-n y?-n-n 1
Iceland3 IC 65N 20W y-n-y y?-n-y y?-n-y y-n-y? y-y?-y y?-y-y? 4þ?
Jan Mayen3 JM 71N 8W y-n-y y-y?-y y-y?-y n-n-y y?-y-y y?-y-y 1D?
Juan de Fuca JDF 46N 130W y-n-n y?-n-n y-n-n n-n-n n-n-n n-y?-y 2þ?
Juan Fernandez JF 34S 83W y-n-n? y-y-n n?-n-n y?-n-n n-n-n n-n-y? 2þ?
Kerguelen2 KE 49S 69E y?-y?-y y-y-y y-y-y? n-n?-y y-y-y y?-y-y 2D?
Louisville? LO 51S 141W y-n-y? y?-y?-y n?-n-y n?-n-n? n-n-n n-n-y? 3þ?
Lord Howe LH 33S 159E n?-n-n y?-n-n n?-n-n n-n-n n-n-n n-n-n 1þ?
Macdonald5 MD 30S 140W n-n-y y-y-y y-y-y n-n-y y?-n?-y? y?-y?-y 2D?
Marion2 MA 47S 38E y-n?-y y-y-y y-y-y n-y-y y-y?-y y-y-y 1D?
Marquesas5 MR 10S 138W y?-n-y y-y-y y-y-y n-n-y y?-n-y y?-n-y 2þ?
Martin MT 20S 29W y?-n-y n-n-y y-n-y n-n-n? n-n-y? n-n-n 0þ?
Meteor ME 52S 1E y-n-y? n?-n-y? n?-n-y y?-n-n n-n-n n-n-n 0þ?
Pitcairn5 PI 26S 130W y-y-y y-y-y y-y-y n-y?-y y?-y-y y-y-y 2D?
Raton RA 37N 104W y-n-n? y?-n-y? n?-n-y? n-n-n n-n-n? y?-y?-n 1þ?
Reunion2?, 7? RE 21S 56E y?-n-y y-n-y y-y-y? n?-n-y y?-n-y n-y?-y 4
St. Helena SH 17S 20W y?-n-y n-n-y y-n-y y?-n-n? n-n-y n-n-y 1
Samoa SA 14S 170W y?-n-y? y?-n-y? n-n-n? y?-n-y? n-n-y? n-n-y? 4
San Felix SF 26S 80W y-y-n y-y-n n?-n-n n-n-n n-n-n n-n-n? 1þ?
Socorro6 SO 19N 111W y-y?-y y?-n?-y y?-y-y y?-y?-n? n-n-y y?-n-y 1þ?
Tahiti5 TA 18S 150W n-n-y y-y?-y y-y-y n-n-y n-n-y n-n-y? 2þ?
Tasmanid TS 39S 156E y?-n-n y?-n-n y-n-n? n-n-n n-n-n n-n-n 2
Tibesti TI 21N 17E y?-n-y? y-n?-n n-n-n n-n-y? n-n-n n-n-n 0þ?
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4.1. Evolution of mantle thermal structure: implications of a rigid
surface
Models with the no-slip boundary condition emphasise the
importance of depth-dependent rheology. Yoshida and Kageyama
(2006) have shown that only the combination of lateral viscosity
variations (LVV) with strong depth variation in the mean rheology
will produce a dominance of long-wavelength structures in the
stagnant-lid regime ranging from [ ¼ 1 to [ ¼ 4. These results
contrast with those obtained using constant spatial viscosity bySchubert et al. (1990) and Schubert et al. (1997) who demonstrated
that mantle ﬂow with the no-slip boundary condition can be
described by [¼ 1e3 structures. A number of previous studies have
shown that plume stability and longevity depend on the important
rheological stabilisation associated with a high lower-mantle vis-
cosity (e.g., Duncan and Richards, 1991; Steinberger and O’Connell,
1998; Quéré and Forte, 2006; Lowman et al., 2008; Glisovic et al.,
2012). We therefore anticipate that convection simulations with
different depth variations in viscosity will yield different long-
wavelength structures of mantle convection, i.e., the dominant
wavelength of mantle ﬂow in the presence of a rigid surface is
sensitive to the radial rheology proﬁle.
Figure 10. Maps of thermal heterogeneity beneath the south-east Paciﬁc at the sublithospheric depth (1st column), and the minor arcs of great circles between the following pairs
of hotspots: Tahiti and Pitcairn (2nd column); Pitcairn and Easter (3rd column); Marquesas and Easter (4th column); and Macdonald and Easter (5th column), obtained by the
tomography-based simulation with a plate-like boundary condition (TOMO-P model) at different points in time: (a) 0 Myr; (b) 100 Myr; (c) 150 Myr; (d) 200 Myr; (e) 250 Myr and
(f) 300 Myr. The dashed lines are given at 77, 217 and 2748 km depth. Two consecutive plus signs at the top of the cross-sections represent distances of 113, 100, 123 and 98 km for
TA-PI, PI-EA, MA-EA and MD-EA pairs, respectively.
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homogeneous rigid surface depend on the starting pattern of
lateral temperature variations (Fig. 2). An equally important
characteristic of our no-slip boundary models initialised by a
theoretical temperature perturbation is that each starting struc-
ture is preserved, and its geographical location is ﬁxed during the
evolution of mantle ﬂow (see Fig. 2). A tomography basedconvection (TOMO) model with a rigid surface demonstrates
similar long-lived plume behaviour mainly due to a strong in-
crease of viscosity in the lower mantle and high CMB heat ﬂux
(Glisovic et al., 2012). The TOMOmodel is able to reinforce some of
the plume-like structures in the starting tomography, and then
produce stationary and long-lived deep-mantle plumes. As dis-
cussed above this model reveals a spatial relationship with the
Figure 11. (a) The solidus temperature for dry peridotite given by Hirschmann (2000) (red line) and the textbook values for the geotherm given by Schubert et al. (2001) (blue line).
(b) Melting regions under the south-east Paciﬁc at different depths (20, 77 and 217 km) obtained by the TOMO-P model at different points in time.
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intraplate volcanism (see Fig. 8c and d).
4.2. Evolution of mantle thermal structure: implications of surface
tectonic plates
4.2.1. Mantle plumes and hotspots
Hot mantle plumes are theoretically expected in a bottom-
heated layer of convecting ﬂuid (e.g., Turcotte and Oxburgh,
1967), and they occur in numerous laboratory and numerical
experiments. A critical test of the plume hypothesis relies on
direct observational evidence provided by 3-D seismic mapping
of the mantle structure beneath hotspots (e.g., Montelli et al.,
2004, 2006). The global-scale tomography models have, over
the past three decades, consistently resolved the seismic signa-
ture of several ‘superplumes’ inside the lowermost mantle: under
the Paciﬁc Hemisphere and under the mid-Atlantic ridge, South
Africa, and the Antarctica plate (e.g., Dziewonski, 1984; Lekicet al., 2012). Zhao (2007) performed an analysis of whole-
mantle tomographic images beneath 60 major hotspots on
Earth suggesting about 12 whole-mantle plumes originating
from the core-mantle boundary (CMB), w5 upper-mantle
plumes, and one mid-mantle plume. However, some care is
required in interpreting presence or absence of plumes in the
seismic images, because Styles et al. (2011) illustrated the
importance of considering the dynamic plume shape, un-
certainties in velocity-temperature sensitivity, and the imperfect
resolution of 3-D heterogeneity in tomographic models.
Our convection simulations with a plate-like surface boundary
condition also reveal, as for the rigid-surface condition, the ability
of the mantle-wide circulation to reinforce the dominant starting
temperature anomaly such that this signal is transmitted to the
upper (or lower) part of the mantle in the ﬁrst 200 Myrs of model
time (Fig. 4). In view of the impact of either the rigid-surface or
plate-like boundary conditions on the evolution of mantle thermal
structure (summarised in Table 3) we suggest that there are seven
Figure 12. The topography (i.e. bathymetry) beneath the south-east Paciﬁc (Smith and
Sandwell v11.1 topography, http://coastwatch.pfeg.noaa.gov/erddap/griddap/
usgsCeSS111.html). The black circles represent the locations of present-day hotspots
(Courtillot et al., 2003).
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constructions of present-day mantle structure and they are located
below: West Africa, North Atlantic, Antarctica, West Paciﬁc, East
Paciﬁc, South Africa and Baja California (West America) (Figs. 8 and
9).
As discussed above (Section 3.4), our tomography-based con-
vection model with surface plates coupled to the mantle ﬂow
revealed that a single superplume ascending below a mid-oceanic
ridge can sustain the surface expression of magmatism at multi-
ple locations over long geological intervals. We speciﬁcally found
that the emergence of a plume head in the asthenosphere beneath
the Pitcairn, Marquesas and easter hotspots can create a broad re-
gion of hot material (Fig. 10). The small-scale thermal instabilities
and associated shallow diapirs develop beneath the transition of
cold and hot lithosphere on the edge of the laterally spreading
plume head (Fig. 10). These shallow upwellings also generate local
melt sources (Fig. 11) that migrate in the direction of plate motion
and thus provide a source for volcanic activity at the Tahiti, Pitcairn
and Marquesas hotspots, while the Easter hotspot is primarily
linked to deep-mantle plume ascending under the East Paciﬁc Rise.
The wavelengths of the small-scale thermal instabilities vary be-
tween 100 and 250 km which are comparable to observations for
the south-east Paciﬁc Ocean given in the range 150e500 km
(Haxby and Weissel, 1986).
Ballmer et al. (2009) also suggested that thermally driven,
small-scale sub-lithospheric convection can generate decompres-
sion melting and trigger surface volcanism. Their thermochemical
models predict that small-scale convection can occur spontane-
ously beneath relatively mature oceanic lithosphere for
heff  1018 Pa s and does not presume any plumes. However,
Raddick et al. (2002) suggested that decompression melting may
not occur spontaneously but may be triggered by some pre-existing
mantle upwelling, such as beneath the South Paciﬁc Superswell
(e.g., Adam et al., 2014). King and Ritsema (2000) demonstrated
that intraplate volcanism beneath Africa and South America could
be also explained by small-scale, edge driven convection.
On the basis of the above considerations we therefore anticipate
that hot asthenosphere characterised by a sufﬁciently reduced
viscosity (see Fig.1b) and coupled to the steep gradient in the upper
thermal boundary layer can cause small-scale convection cells at
the transition between cold and hot lithosphere generated by alaterally expanding plume head that is anchored in the deepmantle
(Fig. 10). The mobile tectonic plates coupled to the underlying
mantle ﬂow play a key role in the propagation of sublithospheric
‘plumelets’ or diapirs that generate magma sources which may be
further focused by any pre-existing zones of lithospheric weakness
(e.g., fracture zones), thus providing a possible mechanism for the
formation of hotspot tracks.
The recent reconstructions of thermal heterogeneity with
evolving plate geometry during the Cenozoic era have revealed a
stable deep-mantle plume ascending directly beneath the East
Paciﬁc spreading centre (Glisovic and Forte, 2014). This ﬁnding
provides a direct dynamical explanation for the recent plate-
kinematic inferences of lateral stability of the EPR ridge over the
past 80 million years (Rowley et al., 2011). Therefore, despite the
obvious and questionable simpliﬁcation of assuming a ﬁxed ge-
ometry for the mobile surface plates in our very-long-term simu-
lations of thermal convection, the time-reversed convection
simulations (Glisovic and Forte, 2014) and the long-term forward
modelling (Fig. 11) show that the EPR superplume is a possible
source of widespread surface magmatism in the south-east Paciﬁc
for at least the past 65 Myr.
4.2.2. Subduction and degree-1 structure
All simulations with the surface tectonic plates coupled to the
underlying mantle ﬂow emphasize the importance of the Java-
Indonesia trench system on the global-scale evolution of thermal
heterogeneity in the mantle. We speciﬁcally ﬁnd that a simulation
initialized only with a negative temperature anomaly beneath this
subduction zone (IND-P model) yields a pattern of heterogeneity in
the deep mantle that broadly resembles the present-day location of
LLSVPs, especially under the Paciﬁc (see Fig. 5b). The TOMO-P and
IND-P models deliver an anchored, very stable and long-lived
plume on the eastern lobe of the Paciﬁc LLSVP under the East Pa-
ciﬁc Rise that is well-correlated to the Easter, Pitcairn, and Mar-
quesas hotspots (Fig. 5).
We ﬁnd that the most stable (hence, steady-state conﬁguration)
of downwellings is dominantly hemispherical (e.g., Yoshida, 2008,
2010; Zhang et al., 2010). The ability of the plate-coupled convec-
tion model to maintain an active Java-Indonesia trench leads to
such steady-state solutions characterised by a dominant degree-1
pattern of thermal heterogeneity (TOMO-P, IND-P and EPR-P, see
Fig. 6). However, even with the obvious similarity in their steady-
state (i.e., ﬁnal) temperature distribution, especially for the pairs:
(TOMO, IND) and (EPR, SAP), the P-models initialised by different
mantle heterogeneity show relatively distinct evolution, empha-
sizing the importance of the initial spatial correlation between the
starting mantle heterogeneity and the assumed geometry of the
surface tectonic plates.
It is well-known that subduction history back to 180 Ma
(Richards and Engebretson, 1992; Lithgow-Bertelloni and Richards,
1998) can explain some aspects of the long-wavelength pattern of
seismically-fast mantle of the Earth detected by the global to-
mography models. Maruyama et al. (2007) argued that the high-
velocity anomalies detected in the lowermost mantle under the
Paciﬁc, India, Antarctica and Africa indicate the presence of slab
graveyards much older than 180 Myrs. The geologically-inferred
dominance of subduction along the margins of the paleo-Paciﬁc
since the Precambrian (e.g., Scotese, 2001) may, therefore, sug-
gest that the strength and dominance of this hemispherical pattern
of cold downwelling detected in our simulations is not unreason-
able. These convection models have also demonstrated that
surface plate tectonics coupled to the underlying mantle ﬂow
characterised by an Earth-like Rayleigh number can maintain
strong, cold downwellings as shown by numerical simulations with
temperature-dependent viscosity (Zhong et al., 2000).
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In numerical modelling by Yoshida and Santosh (2011a) the
temperature, phase and composition dependent rheology is
considered together with a distribution of surface continental
blocks and a plate velocity boundary condition. They suggest that
the African and South Paciﬁc large-scale upwellings will remain
stable for the next few hundred million years, as has also been
argued for the past 500 Ma (Torsvik et al., 2010). Steinberger and
Torsvik (2012) have employed thermochemical models with a
free-slip boundary condition and imposed slabs at subduction
zones (inferred from paleogeographic reconstructions) to obtain
heterogeneity similar to present-day LLSVPs, as previously found
by McNamara and Zhong (2005), and they argued that composi-
tional heterogeneity is an important factor for explaining the sta-
bility of these regions.
It is therefore noteworthy that although our models with both
mobile surface plates coupled to the underlying mantle ﬂow and
dynamically-constrained viscosity do not consider the composi-
tional and phase components of mantle convection, they are able to
largely reconstruct and to preserve the signal of present-day LLSVPs
in some regions over very long time spans. This ﬁnding lends
support to the hypothesis that is the high viscosity in the lower
mantle, inferred by geodynamic inversions (Mitrovica and Forte,
2004), that provides the dominant stability on the evolution of
mantle upwellings and the associated sources in the lowermost
mantle. This hypothesis is borne out by earlier convection studies as
well (e.g., Forte and Mitrovica, 2001; Quéré and Forte, 2006).
Lekic et al. (2012) suggested the unique character of the Perm
Anomaly as a seismically slow feature that is independently
resolved and distinct from the two well-known LLSVPs. We have
shown the ability of a tomography-based convection model with a
rigid surface, ﬁrst, to reinforce, and then, to preserve the deep-
mantle plume associated with the Perm Anomaly (Fig. 8c and d).
A model with the plate-like boundary condition is also able to
reinforce the Perm Anomaly (Fig. 8a and b) indicating that the
intrinsic buoyancy of this anomaly is resolved by the seismic im-
ages of present-day mantle thermal structure (Glisovic et al., 2012).
The ability of the IND-P model to partially reconstruct the present-
day location of Perm Anomaly (Fig. 5b) demonstrates again the
dynamical effect of plate boundaries on the thermal evolution of
heterogeneity in the lowermost mantle. The geological importance
of the Perm Anomaly is underlined by studies that suggest it was
located below the site of the eruption of the Siberian Traps around
250 Ma (e.g., Torsvik et al., 2008; Smirnov and Tarduno, 2010;
Sobolev et al., 2011). We ﬁnd that a thermal anomaly correlated
with the Perm region appears at sublithospheric depths after the
ﬁrst 100 Myr for tomography-based (TOMO) models (Fig. 8). This
suggest that the original plume responsible for the volcanic activity,
about 250 Myr ago, may be a time-dependent, or pulsating plume
whose transit time across the mantle is at least 100 Myr.
In summary, the theoretical convection models considered in
the current study show that the conditions necessary to obtain and/
or preserve a realistic, present-day pattern of both LLSVPs and the
Perm Anomaly include the following ingredients: (1) a realistic
depth-dependent (effective) rheology characterised by strongly
increased viscosity in the lower mantle, (2) a geotherm with ther-
mal boundary layers (an ‘Earth-like’ horizontally-averaged tem-
perature proﬁle), and (3) surface tectonic plates.
4.2.4. Time-dependent plate geometry
To assess the importance and feedbacks of changing surface
plate geometries for the evolution of heterogeneity in the lower-
most mantle we can carry out backward convection calculations
that employ geologically constrained reconstructions of Cenozoic
plate boundaries. As emphasised above, the geological constraintsfor pre-Cenozoic times are largely unconstrained (or guessed) and
hence are strongly non-unique (Rowley, 2008). The main concern,
in addition to the limited resolution of the plate reconstructions, is
that the surface plate motions should not be imposed (implying an
unphysical, externally applied shear stress acting on the litho-
sphere), but rather should be predicted on the basis of the evolving
buoyancy forces in the underlying mantle. To this end we recently
developed new time-reversed models of thermal convection in the
Earth’s mantle with time-dependent plate geometries in which the
plate motions are at all times determined by their viscous coupling
to the underlying mantle ﬂow (Glisovic and Forte, 2014). These
backward reconstructions of the 3-D structure in the mantle
reveal that the heterogeneity in the lowermost mantle that is
associated with the LLSVP is stable throughout the Cenozoic era
(Glisovic and Forte, 2014). Therefore, these ﬁndings support our
forward convection results obtained with the ﬁxed locations of
plate geometries at least on relatively ’short’ geological scales (up to
w100 Myr).
The convectionmodelling presented in this study has shown the
key importance of including surface tectonic plates for realistic
modelling of convection in the Earth’s mantle. We prefer the
incorporation of a limited number of mobile (but rigid) plates as a
surface boundary condition because this allows three very impor-
tant features: (1) the plate velocities are updated at each instant in
time as a function of evolving distribution of buoyancy forces in the
mantle avoiding the approach of imposed surface plate velocities;
(2) spreading centres are free to evolve and, if necessary, change to
subduction and vice versa leading to degree-1 convection pattern;
and (3) the existence of strong toroidal ﬂow as another important
ingredient of plate tectonics (e.g., Forte and Peltier, 1987, 1994;
Bercovici, 1995). We recognize, however, that the assumption of a
constant present-day plate geometry biases the evolution of the
convective mantle. Future work will therefore focus on modelling
temporal and spatial variations in the plate geometry in a manner
that is dynamically consistent with the underlying Earth-like
mantle ﬂow.
4.2.5. Relative importance of ‘top-down’ versus ‘bottom-up’ mantle
dynamics
The above discussions of mantle convection coupled to surface
tectonic plates have highlighted the dynamical feedback of the
plates on the evolution of the mantle. This feedback was most
evident in the theoretical simulation that was initiated with a hy-
pothetical cold anomaly, or proto-slab, placed in the upper mantle
under the Java-Indonesia trench system (the IND-P convection
model). In this convection model, the appearance and geographic
distribution of hot upwellings is modulated by the descent of cold
‘slabs’ that trigger instabilities in the hot lower thermal boundary
layer. This feedback is also present in the long-time convection
simulations initiated with heterogeneity derived from present-day
tomography (the TOMO-P model), but the relative importance of
cold-downwellings (‘top-down’ forcing) and active hot upwellings
(‘bottom-up’) is less evident and merits further consideration.
The most fundamental way of assessing the relative importance
of ‘top’ and ‘bottom’ drivers of the mantle-wide ﬂow is to consider
the global energy budget of the mantle. The traditional and still
widely-held view that slabs are the dominant driver of mantle ﬂow
is justiﬁed if the mantle is mostly, if not entirely, heated by internal
energy sources distributed throughout the bulk of the mantle. If
this were true, the mantle can only be effectively cooled by the
generation of thermal instabilities in the top boundary layer, ulti-
mately expressed by the subduction of lithosphere. In this case
there is no question that the mantle ﬂow is driven by subducting
slabs: the ‘top-down’ view of mantle convection (e.g., Anderson,
2007).
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entirely heated from below, by heat entering across the CMB. In this
case the intensity of hot upwellings is equal to that of the cold
downwellings and the mantle-wide ﬂow is driven in equal parts by
the buoyancy forces in slabs and in plumes. This is the heating
conﬁguration assumed in the classic boundary-layer models of 2-D
convection (e.g., Turcotte and Oxburgh, 1967; Jarvis and Peltier,
1982). The assumption of 100% bottom heating yields a mantle
dynamic equilibrium inwhich plumes contribute half of the driving
force for mantle convection. Time-dependent models of bottom-
heated mantle convection nonetheless show that cold downwel-
lings can trigger thermal instabilities in the how lower thermal
boundary layer and hence slabs can modulate or organise the ge-
ometry of thermal plumes, The converse, however, is also true and
plumes may trigger instabilities and downwellings in the cold
upper thermal boundary layer. The latter scenario is rarely
considered explicitly in the convection literature and it is one we
explored, for example, with the EPR-P convection simulation
(Figs. 4 and 6c).
The heating conﬁguration of the real mantle will obviously be
intermediate to the above two end-member scenarios. The crit-
ical parameter, therefore, is the magnitude of the CMB heat ﬂux.
It is generally assumed that the CMB heat ﬂux is relatively minor
and represents less than 10% of the surface heat ﬂux (e.g., Sleep,
1990; Stacey and Davis, 2008). Over the past few years, however,
several independent lines of evidence point to a substantially
greater CMB heat ﬂux that may be as much as 1/3 or 1/2 of the
surface heat ﬂux at the top of the mantle (e.g., Lay et al., 2006;
Pozzo et al., 2012). These higher heat ﬂux estimates are in
accord with the tomography-based, geodynamically constrained
mantle convection simulations carried out by Glisovic et al.
(2012). These recent ﬁndings for high CMB heat ﬂux support
the view presented in this paper: that mantle plumes provide a
signiﬁcant ‘bottom-up’ contribution to mantle convection that is
comparable to the ‘top-down’ forcing provided by subducting
slabs. The latter can, of course, modulate and organise the spatial
distribution of the upwelling plumes (e.g., Quéré and Forte,
2006). We also suggest that the converse may be true of the
long-term evolution of the mantle since Archean times: namely
that the evolution of subduction zones may be inﬂuenced by the
mantle-wide ﬂow driven by deeply-rooted and long-lived
superplumes (e.g., Fig. 6c and d).4.3. Assessing model simpliﬁcations and geological complexity
In the analysis of ‘hotspotting’ (summarized in Table 3), we
didn’t include the age of surface volcanism as a criterion. Namely, it
is unclear how the ages of surface volcanism at any single location
(e.g., a hotspot) can be related in any direct way to the duration and
activity of an upwelling in the asthenosphere. This is an
outstanding issue that requires detailed thermo-mechanical cal-
culations of partial melting, magma transport from depth to the
surface, and pressure-driven fracturing of the brittle crust. The
complexity of these interactions is only now beginning to be
addressed in detailed models (e.g., Michaut, 2011; Mittelstaedt
et al., 2011; Malfait et al., 2014) and it lies beyond the scope of
the modelling presented in this study.
The treatment of an Earth-like or realistic rheology is one of the
most difﬁcult challenges in geodynamic modelling because the
effective viscosity of the mantle is a strong function of pressure,
stress, grain size, composition, and particularly temperature
(Karato and Wu, 1993). Numerical modelling by Zhong et al. (2000)
showed that temperature-dependent viscosity ensured stationary
mantle plumes over a long time, i.e., they resist the ﬂow generatedby tectonic plates. The dominant effect of temperature on the
rheology will also enhance the generation of mantle plumes inside
the hot lower thermal boundary layer at the CMB (Yuen and Peltier,
1980). Therefore, the number of ‘hotspot’ plumes we identiﬁed
(Table 3) may be an underestimate of those in the Earth. We thus
anticipate that these thermal upwellings are likely to be the most
dynamically important, since their intrinsic buoyancy has allowed
them to rise through the mantle even in the absence of
temperature-induced reductions in their viscosity (Quéré and
Forte, 2006).
Since our convection simulations are based on tomography
models in which thermal heterogeneity dominates everywhere in
the mantle, with the exception of the sublithospheric roots below
continental cratons and in the D00-layer (Simmons et al., 2009,
2010), the question naturally arises whether our predictions for
the evolution of mantle plumes are sufﬁciently Earth-like. It could
be argued that since the long-term evolution with either the P- or
R-surface boundary conditions does not generate a long-lived
stable plume under Hawaii (see Table 3), a hotspot that has long
been interpreted in terms of classical plume theory, then our
thermally-dominated convection simulations may be intrinsically
deﬁcient. In addressing this issue, we ﬁrst emphasise that the
present-day (t ¼ 0) ﬂow predicted by our convection simulations
yields a clearly deﬁned, focussed upwelling in the asthenosphere
directly below Hawaii, albeit with a small westward shift relative
to the surface location of the hotspot (see Fig. 1 in Forte, 2011). This
predicted upwelling under Hawaii is not stable, however, and it
dissipates by the end of the ﬁrst 100 Myr in the convection sim-
ulations (see Fig. 8). Current paleomagnetic evidence (e.g., Tarduno
et al., 2003) also indicates instability in the plume associated with
the Hawaiian hotspot, with signiﬁcant lateral motion of over
relatively short geological time intervals. Given the geological
evidence for signiﬁcant motion of the plume connected to the
Hawaiian hotspot, we do not regard our ﬁndings for the absence of
a long-lived upwelling under Hawaii as being surprising, or as a
strong argument against the validity of the diagnostic used in
Table 3 that identiﬁes the principal mantle plumes in terms of their
longevity.
An additional complication in developing diagnostic criteria for
the presence or absence of deep-seated mantle plumes is that most
tests applied in the past (e.g., Courtillot et al., 2003; Montelli et al.,
2004) have been based, either explicitly or implicitly, on the
assumption of classical thermal plume morphology, characterised
by a well-deﬁned ﬂattened head that is connected to a continuous
tail that extends to the source region in the lower mantle (e.g.,
Duncan and Richards, 1991). Even in the context of a mantle in
which thermal contributions to heterogeneity are assumed to
dominated, the thermal plumes generated in our convection sim-
ulations rarely attain the classical simple head-and-tail structures
that have been observed in classical isoviscous thermal convection
models. The very strong radial gradients of viscosity in our con-
vection models lead to strongly deformed upwellings, such that the
heads and tails of ascent plumes emerging from the lower
boundary layer are greatly sheared as they traverse the lower
mantle and enter the upper mantle, leading to complex morphol-
ogies (see Fig. 10). This complexity of shape, arising in thermally
dominated convective ﬂows, can be further complicated with the
presence of compositional heterogeneity. For example, thermo-
chemical models by Ballmer et al. (2013) show that a hot mantle
plume with a denser eclogite component tends to pool at
w300e410 km depth before being deﬂected in a sublithospheric
layer. They also suggest that this observation is more consistent
with seismic tomographic images at Hawaii than the classical
plume model. Therefore, the dynamical effects of compositional
heterogeneity in the uppermantle can be important and the impact
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controlling the evolution and morphology of mantle plumes.
Clearly both effects should be studied in future plume detection
efforts.5. Conclusions
(1) A rigid (no-slip) boundary condition demonstrates that the
initial thermally-dominated structure is preserved, and its
geographical location is ﬁxed during the evolution of mantle
ﬂow. Furthermore, steady-state thermal convection solutions
in a mantle with a homogeneous rigid surface depend on the
starting pattern of lateral temperature variations. We antici-
pate, however, that the dominant degree of mantle ﬂow in
the presence of a rigid surface is sensitive to the depth vari-
ation in rheology. These ﬁndings are more relevant to the
problem of thermal evolution in the Earth’s mantle during
the Archean or in terrestrial planets without plate tectonics
(Venus, Mars).
(2) Numerical models with mobile tectonic plates coupled to the
underlying mantle ﬂow also show the ability of the mantle-
wide circulation to reinforce the dominant starting tempera-
ture anomaly such that this signal is transmitted to the upper
(or lower) part of the mantle in the ﬁrst 200Myr of model time.
(3) Considering the impact of different surface boundary condi-
tions (rigid and plate-like) on the evolution of thermal het-
erogeneity, we suggest that the intrinsic buoyancy of seven
superplumes beneath the regions of West Africa, South Africa,
North Atlantic, West Paciﬁc, East Paciﬁc and the Baja-California
is most-likely resolved in the tomographic images of present-
day mantle thermal structure.
(4) The intraplate volcanism in the south-east Paciﬁc may be
explained by small-scale thermal instabilities developed
beneath the transition of cold and hot lithosphere generated by
a laterally advancing plume head whose wavelengths likely
vary between 100 and 250 km. The thermal diapirs generated
by these instabilities propagate in the direction of plate motion
providing possible magma sources for complex, time-variable
volcanism at the Tahiti (Society), Pitcairn, Marquesas and
Macdonald (Austral-Cook), while the Easter hotspot is primary
linked to the deep-mantle plume.
(5) Our convection simulations reveal that an initial cold anomaly
beneath the Java-Indonesian trench system yields a long-term,
stable pattern of thermal heterogeneity in the lowermost
mantle that resembles the present-day Large Low Shear Ve-
locity Provinces (LLSVPs), especially below the Paciﬁc. These
models with a plate-like boundary condition also demonstrate
that the most stable (hence, steady-state conﬁguration) of
downwellings is dominantly hemispherical. However, the
evolution of subduction zones may be inﬂuenced by the
mantle-wide ﬂow driven by deeply-rooted and long-lived
superplumes since Archean times.
(6) The tomography-based convection models also detect the
intrinsic deep-mantle buoyancy extending from below Iceland
to the city of Perm. This ‘Perm Anomaly’ has been identiﬁed as
a unique slow feature in the lowermost mantle distinct from
the two major LLSVPs (Lekic et al., 2012). Our results suggest
that the original ‘Perm’ plume responsible for the volcanic
activity, about 250 Myr ago, may be a time-dependent, or
pulsating plumewhose transit time across themantle is at least
100 Myr.
(7) There is no need for dense chemical ‘piles’ in the lower mantle
to generate a stable distribution of temperature anomalies
correlated to the LLSVPs and the Perm Anomaly.Acknowledgement
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